Respiration utilizing NAD-linked substrates in mitochondria isolated from cotyledons of etiolated peas (Pisum sativum L. var Palmer (18) questions the biochemical benefit to be derived from density gradient purification of mitochondria, and many workers have used mitochondria prepared by simple differential centrifugation in their studies of rotenone resistance. The validity of this procedure for such studies is investigated in this paper. Another practice that could lead to erroneous results is the seemingly indiscriminate use of inhibitors and cofactors to activate and stimulate the rotenone-resistant pathway. The present investigation was done using only rotenone as the activator of the pathway.
NAD was the cofactor. The products of malate oxidation reflected the interaction between malic enzyme and malate dehydrogenase. Rotenone also inhibited the NADH dehydrogenase associated with malate dehydrogenase. Thus, rotenone seemed to exert its inhibitory effect on two enzymes of the electron transport chain of pea cotyledon mitochondria.
Many different ideas have emerged to explain the ability of plant mitochondria to continue to respire in the presence of rotenone. These have not been totally substantiated and, in fact, many have been refuted. Some of the problems may arise from methodology used in investigations of the rotenone-resistant pathway. Palmer (18) questions the biochemical benefit to be derived from density gradient purification of mitochondria, and many workers have used mitochondria prepared by simple differential centrifugation in their studies of rotenone resistance. The validity of this procedure for such studies is investigated in this paper. Another practice that could lead to erroneous results is the seemingly indiscriminate use of inhibitors and cofactors to activate and stimulate the rotenone-resistant pathway. The present investigation was done using only rotenone as the activator of the pathway.
Aspects of this study included the relationship of the rotenoneresistant pathway to the cyanide-resistant pathway, substrate and cofactor effects, and the mechanism for deactivation of rotenone. The enzymes for the oxidation of malate were also studied. On the basis of these results, a possible explanation for the control and operation of the rotenone-resistant pathway was developed. 
MATERIALS AND METHODS
Isolation of Mitochondria. Mitochondria were prepared from etiolated peas (Pisum sativum L. var. Homesteader) of various ages, essentially by the methods of Solomos et al. (23) . Changes were as follows. The brei was filtered through one layer of Miracloth, and the filtrate was then centrifuged at 700g for 7 min in a Beckman J-21B centrifuge in a JA-20 rotor. The pellet was discarded, and the supernatant layer was centrifuged at 21,000g for 5 min in a Beckman JA-20 rotor. The pellet was resuspended in 50 ml ice cold wash medium (0.3 M mannitol, 25 mm Tes, and 0.3% fatty-acid-poor BSA) and recentrifuged at 21,000g for 5 min. The pellet was then resuspended in 3 ml suspension medium (0.3 M mannitol, 4 mm MgC12, and 25 mm Tes) and loaded onto a sucrose density gradient (26 ml 0.6 M sucrose and 10 ml 1.6 M sucrose, both with 50 mi Tes and 0.1% BSA) or used as such for mitochondria prepared by differential centrifugation. After loading it onto the gradient, the pellet was centrifuged for 1 h at 30,000g in a Beckman L2-65B ultracentrifuge with a SW27 rotor. The fraction at the interface was removed and diluted slowly with a buffered solution (25 mim Tes and 0.1% BSA). The fraction was then centrifuged for 5 min at 21,000g, and the pellet was resuspended in the suspension medium used above. All solutions were adjusted to pH 7 nm according to the method of Douce et al. (7) . The mitochondria were added to 3 ml 5 mm phosphate buffer (pH 7.2 at 25 C) that was 50 LM in Cyt c and I mM in KCN. The reaction was initiated with 0.3 mm NADPH. When antimycin A was used, it was added before the addition of mitochondria, to give a final concentration of 0.4 jg/ml.
Purification and Characterization of the End Product Formed from Rotenone. Rotenone was added to active or heat denatured mitochondria that had been suspended in the malate assay medium or in distilled H20. Mixing was continued until the transient inhibition had ceased. This was taken as the point at which the conversion of rotenone to elliptone was essentially complete. The rate of conversion varied with the proportion of protein to rotenone in the sample. Aliquots were taken and centrifuged for 3 min at full speed on an International Model HN centrifuge (International Equipment Co., Needham Heights, MA). The rotenoids were then extracted from the pellet, according to the8 methods of Payfer (20) . Paper chromatography of the products was by the method of Delfel (6) . The purity of the product was monitored by scanning from 860 to 260 nm on a Cary 15 recording spectrophotometer.
Isolation and Assay of Enzymes. Malate dehydrogenase was purified and assayed according to the methods of Ochoa (17) . For the preparation of malic enzyme, mitochondria from approximately 500 ml of cotyledons were prepared by simple differential centrifugation, except that the mitochondria were finally suspended in the sonication medium of Coleman and Palmer (5) .
The methods of purification and assay were basically those of Coleman and Palmer (5). Changes were as follows: centrifugation was for 1 h at 59,000g; and the enzyme was not concentrated. Either NAD or NADP was used as a cofactor for the reaction. Varying concentrations of rotenone and elliptone were added to both enzyme preparations.
Spectrophotometry of Respiratory Pigments. Mitochondria were prepared as above, and the protein content was adjusted such that there was 0.5 mg protein per ml of assay medium. The assay medium was as above, except that the malate concentration was increased to 80 mM. The reaction was initiated by the addition of 3 mm ADP. 02 consumption was monitored simultaneously in a separate sample, to ensure that the system remained aerobic. Scans of the pigments were done, according to the methods of Chance (4), with a Cary 15 recording spectrophotometer over a period of 15 min. The scan rate was equal to approximately one spectral band width per period, assuming that the spectral band width was approximately one-tenth of the natural band width of the smallest absorption band. Potassium cyanide (final concentration, 5 sM) and rotenone (final concentration, 13.3 gM) were added where indicated.
Assay of Reduction Products. The products of malate oxidation were measured over a period of 20 min using the same assay medium and protein concentration as in the spectrophotometry of respiratory pigments. 02 consumption was measured simultaneously in a separate 3-ml sample. Then rotenone was added to give a final concentration of 13.3 /LM. Aliquots (1 ml) were taken every 5 min, and the reaction in the aliquot was stopped by the addition of 100 Au of 50%o HC104 (5) . The resulting mixture was centrifuged for 3 min at full speed in an International Model HN centrifuge. Then, the supernatant layer was adjusted to pH 5 to 6 with 5 M K2CO3. This mixture was centrifuged as before, and the supernatant layer was assayed for the presence of oxaloacetate (26) and pyruvate (24) .
Protein. Protein was determined according to the method of Sedmak and Grossberg (22) .
Statistics. In all data sets showing the difference between treatments, the Students' t distribution for paired sample hypothesis was used with the a level at 0.05 (29) . For all enzyme data, linear regressions were used to determine the best line and the fit Chemicals. All chemicals were of reagent grade and, with the exception of the following, were from Fisher Scientific Co. Cyt c (Type III), L-cysteine, glycylglycin, rotenone, Tes, L-malate, pyruvic acid, antimycin A, NAD, NADP, NADH, NADPH, ADP, malate dehydrogenase, and lactic acid dehydrogenase were from Sigma; BSA, DTT, and oxaloacetate were from Calbiochem, and SHAM2 (99%) was from Aldrich Chemical Co. The dialysis tubing used was Spectrapore; mol wt cut off, 6,000 to 8,000 (Spectrum Medical Industries, Inc., Los Angeles, CA).
RESULTS
Preparative Methods. Mitochondria prepared on the sucrose density gradient had markedly higher ADP to 0 ratios and rates Of 02 consumption than those prepared by differential centrifugation, while respiratory control ratios were similar. Mitochondria isolated by simple differential centrifugation lost respiratory control over a relatively short period of time compared to those isolated on the density gradient. While the activities of succinateCyt c reductase and antimycin A-resistant NADPH Cyt c reductase were low in both preparations, they were less in the density gradient preparation. In the gradient-isolated mitochondria, the rotenone-resistant rate of 02 consumption was much less variable and much lower (33% as compared to 58% for mitochondria from 6-day-old cotyledons).
Effects of Rotenone on a-Ketoglutarate and Malate Oxidation. Mitochondria were very rotenone-resistant when utilizing a-ketoglutarate as the respiratory substrate (Table I) The degree of recovery of both malate and a-ketoglutarate of that line (29 (Fig. 2) . This is in agreement with data from isolated mitochondria. Malic enzyme was not inhibited by rotenone when NADP was used as the substrate (Table III) .
Malate dehydrogenase activity was measured using an excess of oxaloacetate and NADH. Even with concentrations of rotenone as high as 6.7 ttM, the inhibition was found to be insignificant (t [2] 8 c 2.06) ( Deactivation of Rotenone. It was shown by paper chromatography that rotenone was transformed into elliptone in the presence of both active and heat-denatured mitochondria. Scans from 860 nm to 260 nm show the difference in absorbance of these two compounds (Fig. 3) . Both compounds absorb to the same degree at 340 rm when in 95% ethanol, either phosphate or glycylglycine buffer, or malate assay medium.
Elliptone-Inhibited Mitochondrial Respiration. The degree of elliptone-resistant respiration was higher than rotenone-resistant respiration (Fig. 4) . Maximum inhibition was reached at elliptone concentrations of 13.3 pM.
Malic enzyme was inhibited competitively with respect to NAD by elliptone. Maximum inhibition was caused by 13.3 pM elliptone (Fig. 2) (Fig. 5, A and B) . Malate dehydrogenase activity appeared to be stimulated by the addition of ADP in the absence of rotenone. After 10 min, the pattern of product accumulation was much the same in both samples. Pyruvate production was little affected by the addition of rotenone (Fig. 5, A and B) .
Effect of Rotenone on the Electron Transport Chain. Spectrophotometric scans of the respiratory pigments were done on isolated mitochondrial preparations. Rotenone treatment resulted in reduction of NAD and the Cyt chain (Table IV) . In all cases, the reduction was greater than that in the presence of KCN alone. No The presence of antimycin A-resistant NADPH-Cyt c reductase indicates microsomal contamination (9, 18). Thus, both preparations contained little broken mitochondria and were relatively free from microsomal contamination, but the density gradient preparation was superior in these respects. Microsomes decrease the reactivity ofrotenone because ofhydroxylation at the 12 a position of the B/C ring juncture and at 6', 7', and 8' of the isopropenyl group (28) . The high per cent of rotenone-resistant respiration in mitochondria prepared by simple differential centrifugation compared to those prepared by the density gradient method probably reflects microsomal contamination. Our results agreed with previous studies, which have shown that the preparation of mitochondria by simple differential centrifugation does not remove microsomal contamination nor does it remove contaminating protein and broken mitochondria (7, 9, 23) . Therefore, all subsequent experiments were done with mitochondria prepared by density gradient centrifugation.
Effects of Rotenone on a-Ketoglutarate and Malate Oxidation. Mitochondria oxidizing a-ketoglutarate exhibited very high rates of rotenone resistance (Table I ). Other workers (13) have found the percentage of resistance to be around 60 to 65% in mitochondria isolated from 9-to 12-day-old broad bean epicotyls oxidizing a-ketoglutarate. Resistance of a-ketoglutarate oxidation to rotenone was approximately two times the resistance exhibited for malate oxidation.
Changes with age in rotenone inhibition of malate oxidation closely followed the respiratory control ratio (Fig. 1) . From the onset of imbibition to 4 days, there is an increase in structural development ofthe mitochondria. This is paralleled by an increase in respiration rates and phosphorylation (12) . Although maximum 02 uptake does not occur until day 6, phosphorylation and certain other respiratory activities are already decreasing at that time (23 Figure   1 .
rapidly from 5 days to 7 days (23). The development of the rotenone-resistant pathway is much different from the development of the cyanide-resistant pathway. The initial cyanide-resistant respiration in pea cotyledon mitochondria is very low and does not rise above 30%o until day 4. Resistance peaks at approximately day 6 (9) .
Work on the development of mitochondria (3) has shown that the development of the embryonic axis controls the activation of the electron transport chain. This activation occurs from 2 to 4 days in our system (9) . From 5 days on, there is a period of mobilization of reserves within the cotyledons (2, 3, 9) . At this time, respiration rates are high as is rotenone resistance when malate is the substrate. This is consistent with the hypothesis put forth by Coleman and Palmer (5) that the rotenone-resistant pathway controls glycolysis by controlling the NAD/NADH ratio as well as functioning in the production of organic skeletons.
Wiskich and Day (27) noted that the decreased 02 uptake rate after treatment with piericidin A, observed by Palmer and Arron (19) with malate as the substrate, was equivalent to 02 uptake in the presence of piericidin A, with a-ketoglutarate or citrate as the substrate in mitochondria isolated from Jerusalem artichoke tubers. In our experiments, the recovered rate of respiration was taken as a measure of the permanent injury. In pea cotyledon mitochondria, the recovered rate of malate oxidation (Table II) was much the same as the inhibited rate of a-ketoglutarate oxidation (Table I) . A common factor seems to control the rate of both a-ketoglutarate oxidation in the presence of rotenone and malate oxidation after recovery from rotenone treatment.
Path (Table III) . Deactivation of Rotenone. A possible explanation for the transient inhibition caused by rotenone is that the rotenone activity is decreased by molecular changes. This appears to be the case (Fig.  3) . Elliptone was recovered from both mitochondria respiring in the presence of rotenone and heat-denatured mitochondria in the presence of rotenone. There was almost complete conversion of rotenone to elliptone. Elliptone differs from rotenone by the absence of the isopropenyl group on the tetrahydrofuran ring, resulting in the unsaturation of the ring. Yamamoto (28) suggested that the deactivation could occur nonmetabolically, and our work confirmed this.
Elliptone was not as strong an inhibitor of respiration as was rotenone in intact mitochondria (Fig. 4) . The outer mitochondrial membrane would be freely permeable to rotenone and elliptone. Permeability of the inner membrane to these substances is suggested by the fact that they inhibit malic enzyme in the matrix.
The effect of rotenone on intact mitochondria may be to distort the membrane because of attachment to lipid in the membrane, thus disrupting electron transport. As the lipid environment is important in determining the degree of inhibition (8) , and isopropenyl groups increase the molecule's liposolubility (15) , this would explain the decreased inhibitory effect of elliptone. Further, the insecticidal activity of rotenone is decreased by the removal of alkyl groups (14) .
Elliptone caused inhibition of purified malic enzyme to the same degree as did rotenone (Fig. 2) . This is consistent with an effect within the membrane in addition to malic enzyme inhibition.
Products of Malate Oxidation. Pyruvate has been found to be the only product of malate oxidation in mitochondria inhibited by rotenone (5, 19) . However, in these experiments, NAD was included in the reaction medium. It has been shown that added NAD stimulates malate oxidation via malate dehydrogenase in species that have low endogenous NAD (16) . Therefore, the true rotenone inhibition could be masked when NAD is added to the reaction medium.
Another factor that could affect the products of malate oxidation is the initial substrate concentration. Some workers (25) have found that malate dehydrogenase has a high affinity for malate, and malic enzyme has a low affinity, whereas others (3) have found the opposite to be true. Therefore, it is best to use a highsubstrate concentration.
The accumulation of reaction products of malate oxidation by mitochondria did not fully support the results obtained with purified enzyme preparations. The apparent low level of malic enzyme inhibition in intact mitochondria may have been caused by interactions between malate dehydrogenase and malic enzyme. They would be expected to utilize the same substrate and cofactor pool, in addition to requiring the other product (oxaloacetate or pyruvate) for product removal via the citrate-condensing enzyme.
Effect of Rotenone on the Electron Transport Chain. The accumulation of NADH in mitochondria inhibited by rotenone has been noted (10) . Measurements showed that NADH did accumulate when rotenone was added to mitochondria-oxidizing malate (Table IV) . The reduction of NAD was greatest when rotenone and cyanide were used together.
The entire Cyt chain was reduced in the presence of rotenone. Again, reduction was greatest when rotenone and cyanide were used together. This can be explained by the results presented above. We found that approximately 35% of the electrons flow through the cyanide-resistant pathway. As this pathway is not accessible from the rotenone-resistant pathway, there would be greater reduction in the cyanide-sensitive pathway when the rotenone-resistant pathway is functioning. The addition of cyanide would then further increase the reduction.
GENERAL CONCLUSIONS It appears that a rotenone-resistant pathway exists for the transport of electrons from the NAD-linked substrates to Cyt b. Malic enzyme is sensitive to rotenone. However, NADH dehydrogenases are also involved, as there is a large buildup of NADH in the presence of rotenone. This indicates that at least one NADH dehydrogenase is inhibited by rotenone.
From this work and the work of others, a scheme for rotenone resistance can be suggested (Fig. 6 ). The pyruvate produced by the action of malic enzyme condenses with oxaloacetate, thus allowing malate dehydrogenase activity to continue. The electrons from the NADH produced by the malate dehydrogenase activity will enter the electron transport chain at Fplf. This could be controlled by variations in the redox potentials between the two flavoproteins or by the electron transport capacity of the two pathways. According to work on the cyanide-resistant pathway in the pea mitochondrial system (9) , approximately 65% of the electrons utilize the cyanide-sensitive pathway. Therefore, fewer electrons would be able to enter the rotenone-resistant pathway alternate oxides. than the rotenone-sensitive pathway. When rotenone is added, there is inhibition at two sites, the NADH dehydrogenase associated with malate dehydrogenase and malic enzyme. The inhibition ofthe NADH dehydrogenase would result in accumulation of NADH.
Rotenone may exert its inhibition on the NADH dehydrogenase by attaching to the membrane and distorting it. This may cause rotenone to be changed into elliptone upon its extraction from the membrane. Because of its structure, elliptone, if added to mitochondria, would not be expected to attach to the membrane to the same extent as does rotenone. Therefore, it would not inhibit the NADH dehydrogenase. The inhibition of the NADH dehydrogenase caused by rotenone would affect all NAD-linked substrates and would be permanent. There is further evidence to support this hypothesis. When exogenous NAD is being oxidized in submitochondrial particles in the presence of rotenone, electron transport is inhibited by 29% (1). Also, NAD-linked substrates other than malate are inhibited by 35%, and malate oxidation is inhibited by 30%o in the presence of elliptone.
Malic enzyme is inhibited by rotenone. Therefore, while the NADH dehydrogenase is inhibited, there is also a buildup of oxaloacetate. The oxaloacetate then inhibits the forward reaction of malate dehydrogenase. At this time, NAD would be expected to be transported into the matrix, while, at the same time, malate is accumulating because of the inhibition of malate dehydrogenase. These two occurrences would allow malic enzyme to produce pyruvate at an ever-increasing rate, until the transient inhibition is totally alleviated. At this time, malate dehydrogenase would no longer be inhibited. Evidence to support this includes these points: the pattern of oxaloacetate accumulated in the presence of rotenone parallels the pattern of pyruvate production; oxaloacetate increases the rotenone effect on mitochondrial respiration; and glutamate decreases the effect of mitochondrial respiration (27) .
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